Background/Objectives: To assess bone status using quantitative ultrasound (QUS) applied to the second metacarpus and to evaluate the influence of vitamin D supplementation on bone mineralization in exclusively breast-fed infants. Subjects/Methods: Seventy seven healthy exclusively breast-fed infants aged o12 months underwent QUS evaluation with QUS DBM Sonic Aurora IGEA (MO, Italy), which measures speed of sound (mcSoS) and bone transmission time (mcBTT). Z-scores for age and length were also considered. Infants were divided into two groups, considering vitamin D supplementation. Results: mcSoS and mcBTT were significantly lower in the group of breast-fed infants without vitamin D supplementation (respectively, P ¼ 0.001 and P ¼ 0.015). A statistically significant difference was also observed between the two groups for Z-scores of QUS parameters for age and length, with lower levels in infants not supplemented with vitamin D. Both mcSoS and mcBTT decline during the first year of life. mcSoS inversely correlated with weight at enrollment and BMI at enrollment. Conclusions: Our data support the importance of vitamin D supplementation in exclusively breast-fed infants in the first period of life to provide an adequate bone development.
Introduction
Early events in life such as prematurity, maternal mineral status, sun exposure and endocrine status may influence bone maturation and predispose to an increased risk of metabolic bone diseases later in life (Javaid and Cooper, 2002) . Evidence is now growing from clinical studies that programming of bone growth might be determined by nutrition in infancy. Human milk represents the main source of bioactive factors required for healthy growth of infants and mothers need to be encouraged to continue breast-feeding as long as possible (WHO, 2001; James and Lessen, 2009 ). However, there are concerns about the adequacy of exclusive human milk in providing some mineral elements and vitamins, in particular vitamin D. It is well known that vitamin D has an important role in the maintenance of normal bone mineralization promoting calcium and phosphorus homeostasis; its deficiency might result in osteopenia and rickets (Lips, 2006) .
At present, dual-energy X-ray absorptiometry is the most commonly used technique to assess bone status in childhood worldwide. Nevertheless, the exposure to ionizing radiation, the size and the immobility of the scanner and the time needed to perform the scan make it unsuitable for routine use in paediatric contest (Wren and Gilsanz, 2006) . Moreover, a major dual-energy X-ray absorptiometry intrinsic limit is bone two-dimensional measurement (bone mineral apparent density), not reflecting the three-dimensional variations in children's bone growth (Fogelman and Blake, 2000) . The emergent need to identify subjects of all ages at risk of osteoporosis highlights the opportunity to validate new useful and safe tools to assess bone mineral status in children. In recent years, quantitative ultrasound (QUS) has been applied to provide information about qualitative and quantitative bone properties, such as, respectively, bone mineral status, and bone strength and structure. QUS is safe, easy to use, radiation-free, cost-effective and can be used bedside without moving the patient. These characteristics make it a promising tool for bone status assessment, particularly in childhood (Guglielmi et al., 2009 ).
The present study was designed to provide bone status assessment in infancy using QUS applied to the second metacarpus. Moreover, the purpose of this research was to determine bone mineralization during the first year of life in breast-fed infants, both supplemented or not with vitamin D.
Patients and methods

Study design and subjects
This cross-sectional study was performed at the Department of Paediatrics-Regina Margherita Children's Hospital (Turin, Italy). Seventy seven healthy infants (37 males and 40 females) were consecutively recruited between September 2007 and May 2009 from routine outpatient controls. Inclusion criteria were age p12 months, gestational age between 37 and 41 weeks, birth weight appropriate for gestational age (2500-4000 g), Apgar score X7 at 5 min. We only included infants with apparently normal skeletal status whose parents are Caucasian. All enrolled patients were exclusively breast-fed since birth, without any assumption of formula or other milk, according to WHO definition (WHO, 2008) . All infants had received for 3 months vitamin K supplementation. Nobody received calcium supplementation. Exclusion criteria were history of congenital or perinatal disorders, intrauterine growth retardation, congenital infection syndromes, acute or chronic growth diseases, bone pathologies, signs or symptoms of dehydration, intake of steroidal (in particular dexamethasone) or anticonvulsive drugs, maldigestion and malabsorption, neuromuscular, renal or endocrinological pathologies, assumption of formula or other milk.
At enrollment, a detailed questionnaire containing informations about gestational age, type of delivery, birth weight and length was filled out by a paediatrician belonging to the study group based on answers provided by parents. Indeed, all infants were examined by a paediatrician who verified the administration of vitamin D supplement at recommended dosage (400 IU/day). All the lactating mothers were interviewed by a Pediatrician in order to verify that none of them follow a dietary restriction and of consequence have normal feeding habits with adequate amounts of milk or diary. Moreover, no mothers have assumed supplemental calcium nor vitamin D during pregnancy and lactation period.
Infants were divided into the following two groups: breastfed infants without vitamin D supplementation (group 1) and breast-fed infants with vitamin D supplementation (400 IU/day each day from birth) (group 2).
Both anthropometric and QUS measurements were performed by the same experienced and specially trained operator.
The study was approved by the Local Ethics Committee prior to start and written informed consent was obtained from parents before the inclusion of infants.
Anthropometry
All infants were weighted naked, before feeding, by means of an electronic integrating scale (SECA model 757, Vogel and Halke, Hamburg, Germany; precision: ±1.0 g). Crown-to-heel length was measured using a Harpenden stadiometer (Holtain, Crymych, UK) and BMI was calculated (weight in kilograms divided by height in square meters (kg/m 2 )).
QUS assessment
The subjects underwent QUS evaluation with the device for methacarpal quantitative ultrasonography DBM Sonic Aurora (IGEA, MO, Italy). The device has an emitting probe that generates 1.25 MHz pulses and a receiving probe. The acoustic output energy is 1.8 mW/cm 2 . Warm gel was applied on the surface of each probe that was in contact with the region of interest for each series of measurements.
The device can measure the following ultrasound parameters: 'speed of sound' (SOS) and 'bone transmission time' (BTT). SOS (m/s) is the velocity of ultrasound wave propagation between transmitting and receiving transducers. The sensitivities of the measurements are 0.01 mm and 0.05 ms, respectively. Ultrasound velocity depends on bone tissue density, elasticity and structure. BTT (ms) attempts to minimise the confounding effect of soft tissue and indicates the difference between the instant when the fastest wave, travelling through bone tissue, is detected and the time when the ultrasound pulse travelling only through soft tissue is received (Ritschl et al., 2005) . In our study, the selected site of measurement was the midshaft of the second metacarpal bone, thus, the parameters are specified, respectively, as mcSOS and mcBTT. The Z-scores of both mcSOS and mcBTT for age and length were also considered: they were directly calculated by the device using the reference population of the study performed by Ritschl et al. (2005) .
Four consecutive acquisitions were performed for each infant. The four mcSOS values had to lie within a range p10 m/s (Rubinacci et al., 2003) . During the measurements, the device displays the results of the mcSOS. If one acquisition was p10 m/s, this measurement had to be repeated: if the repeated acquisition was not within the range, the measurement was discarded.
Statistical analysis
All statistical analysis were performed using commercially available software SPSS 17.0 for Windows (SPSS Inc., Chicago, IL, USA). Both anthropometric and QUS data are expressed as median and interquartile range.
Differences between groups in baseline characteristics and QUS parameters were determined using Mann-Whitney test as appropriate. Study correlations were investigated by Spearman's correlation. Level of statistical significance was set at Po0.05.
Results
We studied 77 breast-fed infants, of whom 38 were given a 400 UI/day vitamin D supplement (group 1) while 39 infants received no vitamin supplement (group 2). At birth, median gestational age (interquartile range) was 40 weeks (1), weight was 3240 g (590) and length was 49 cm (2).
At recruitment, we evaluated anthropometric parameters of all enrolled infants: median age was 127 (229) days, weight was 6820 (3000) g, length was 64 (15) cm and BMI was 15.3 (2.60) kg/m 2 . Table 1 gives the baseline and anthropometric characteristics of the 77 healthy infants, without statistically significant differences between the two groups.
The values of QUS parameters in the whole group of infants were mcSoS 1631 (40) m/s, mcBTT 0.75 (0.19) ms, Z-score of mcSoS for age À1.09 (2.10), Z-score of mcBTT for age À1.00 (2.01), Z-score of mcBTT for length À1.27 (1.84). Therefore, QUS parameters related to gender and vitamin D supplementation were evaluated.
The ultrasound parameters divided on the basis of gender (male vs female) were consecutively reported: mcSoS 1646 (47) m/s vs 1633.5 (25.75) m/s, mcBTT 0.80 (0.18) ms vs 0.75 (0.24) ms, Z-score of mcSoS for age À0.15 (2.16) vs À0.99 (2.10), Z-score of mcBTT for age À0.51 (2.19) vs À0.81 (2.55), Z-score mcBTT for length À1.03 (1.73) vs À1.37 (2.21); all QUS parameters did not significantly differ for gender. Table 2 showed QUS parameters in infants depending on vitamin D supplementation. mcSoS and mcBTT were significantly lower in group 2 (respectively, P ¼ 0.001 and P ¼ 0.015). A statistically significant difference was also observed between the two groups for Z-scores: Z-score of mcSoS for age, Z-score of mcBTT for length, Z-score of mcBTT for age were lower in group 2 (respectively, P ¼ 0.003, P ¼ 0.029 and P ¼ 0.026).
We draw the correlations between QUS parameters and anthropometrical data. QUS parameters correlated with each other: R ¼ 0.540, P ¼ 0.001. We found negative correlations between mcSoS and mcBTT with age at enrollment (R ¼ À0.225, P ¼ 0.041 and R ¼ À0.283, P ¼ 0.013, respectively). mcSoS also correlated with weight at enrollment (R ¼ À0.256, P ¼ 0.025) and BMI at enrollment (R ¼ À0.333, P ¼ 0.041).
In group 1, mcSoS correlated with age, weight and BMI at enrollment (respectively, R ¼ À0.462, P ¼ 0.003; R ¼ À0.436, P ¼ 0.006; R ¼ À0.443, P ¼ 0.005); while in group 2, we did not find correlations between QUS parameters and anthropometrical data.
Discussion
To date, there have been few studies regarding the effect of early nutrition on bone characteristics using radiological techniques, such as dual-energy X-ray absorptiometry, and no data are available using QUS (Park et al., 1998; Andiran et al., 2002) .
We applied QUS of the methacarpal bone to exclusively breast-fed infants born at term to assess the influence of vitamin D supplementation on bone status.
This study reported a statistically significant difference in QUS parameters between infants with or without vitamin D supplementation. In particular, we observed higher values of mcSoS and mcBTT in those subjects who received a vitamin D supplement of 400 UI/day each day from birth.
The incidence of vitamin D deficiency during infancy had been decreased in the past, with the improvement of nutritional condition such as vitamin D supplementation in infant formula. Lately, it has been increased again for different reasons: breast-feeding from vitamin D deficient mothers, lack of sun-light exposure, high latitude, dark skin and low dietary intake of vitamin D (Callaghan et al., 2006) . Many studies reported that vitamin D concentration is low in breast milk (Butte et al., 2002) . The main form of vitamin D in human milk is 25-hydroxyvitamin D, which, in unsupplemented mothers, is known to be in the range of 10 and 60 IU/l (Gartner et al., 2005) . Evidences show that mothers' vitamin D status during pregnancy and lactation influences skeletal development and bone mineralization of their infants. In particular, mothers with adequate vitamin D serum concentration during pregnancy provide to newborns a sufficient vitamin D amount for 8 weeks after delivery (Specker, 1994) . Therefore, there is a significant correlation Bone status in breast-fed infants F Savino et al between maternal serum 25-hydroxyvitamin D levels and milk content. With regards to this, maternal sun exposure, season, latitude and race have a greater influence on breast milk's levels of vitamin D (Kimball et al., 2008) . However, scientific data pertaining to maternal vitamin D assumption during lactation are scanty and, at this time, high dose of daily vitamin D supplement cannot be recommended for breast-feeding mothers (Hollis and Wagner, 2004) . In relation to the resurgence of rickets especially in exclusively breast-fed infants, the American Academy of Pediatrics published new guidelines for vitamin D intake in 2008, recommending that all breast-fed and partially breast-fed infants should receive 400 IU of vitamin D per day, beginning in the first few days of life. Indeed, the authors state that 'supplementation should be continued unless the infant is weaned to at least 1 l/day or 1 quart/day of vitamin D-fortified formula or whole milk' (Wagner and Greer, 2008) . A panel of European countries' experts in paediatric bone metabolism recommended in 2002 that vitamin D intake should be 200-800 IU/day in term infants during their first year of life (Hochberg et al., 2002) .
Since normal bone mineralization hinges on adequate vitamin D intake, assessment of bone mineral status using a non-ionizing, reliable and non-invasive method would be useful in infants. QUS technique evaluates not only bone mineral density, but also qualitative factors such as bone strength and microarchitecture (Baroncelli, 2008) .
Previous studies have been performed in order to assess skeletal development in term and preterm infants using QUS technique at humerus and tibia (Gonnelli et al., 2004; McDevitt et al., 2005) . However, Ritschl et al. applied QUS in neonates and preterm infants at the diaphysis of the second metacarpus. Assessment of bone status at this site presents many advantages, such as very early ossification during foetal development, easy assess, compliance and safety. This Austrian study investigated the correlation between QUS parameters and gestational age, anthropometric data and age at recruitment and enabled a curve of reference of ultrasound variables for infants aged 0-18 months (Ritschl et al., 2005) .
In the present study, we have evaluated bone status in healthy full-term infants in the first year of life confirming the feasibility of QUS as a novel approach in the evaluation of skeletal status in this period of life.
QUS parameters showed a negative correlation with age at enrollment, pointing out that mcSoS and mcBTT tend to decrease in the first year of life. These data confirm the previous observations made by Ritschl et al. (2005) , who speculated that it could be a link between the progressive reduction of mcSoS and the increase of BMI in the first months. In our study, mcSoS appeared to inversely correlate with weight and BMI at enrollment, confirming the results of other studies performed both in adults and in children (Baroncelli et al., 2001; Vignolo et al., 2003) . As suggested by Ritschl et al., mcBTT is constant but non-significantly decreasing until 12 months of life. The reduction of mcBTT values could be due to the progressive decrease of thickness and mineralization of the cortical bone observed after birth in infants.
Moreover, mcSoS values showed a negative correlation with age, weight and BMI at enrollment in breast-fed infants without vitamin D supplementation, while no significant correlations were found in those patients who received vitamin D. These observations could depend on the effect of vitamin D on bone mineralization, though further investigations are needed analysing a larger sample.
We did not observe significant gender-related differences in skeletal status, as reported in previous studies performed with QUS technique (Gonnelli et al., 2004) . Other authors reported that the difference in QUS parameters between genders become significant in older age groups, particularly at puberty (Baroncelli et al., 2001; Barkmann et al., 2002) .
The present study has some limitations: the small number of enrolled infants, the paucity of reference values for QUS parameters and the lack of a comparison with other techniques assessing bone status.
In conclusion, we underline the role of vitamin D supplementation in exclusively breast-fed infants to provide an adequate bone development in the first months of life. In our experience, QUS proved to be a non-invasive, safe and easy to perform technique and can be used for repeated measurements. Further studies are needed to promote the routine use of QUS in clinical practice in order to assess bone mineral status in infants and identify subject at risk for osteopenia and rickets.
